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Abstract 
We propose an adaptive task-based model that allows cyber-physical systems (CPS) to update their environmental 
model and helps them analyse reachability to their goal from current state using the updated environmental model 
and its capabilities. Proposed model consists of two parts: information exchange module and model validation 
module. Information exchange module utilizes Human-Agent-Robot-Machine-Sensor (HARMS) model to exchange 
messages between CPS. Model validation module uses NuSMV, which is one of Model Checking tools, to check 
whether the system can continue its mission toward the goal in the given environment. In order to see feasibility of 
the proposed model, we explain a practical set up of the model in a situation in which homogeneous robots that has 
the same capability work in the same environment. 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Use of automated robots has been shifted from industry to human-friendly environments such as home, office, 
school, and public places. Since automated robots are now exposed to a new environment in which they are no longer 
in a static workspace, but they face lots of uncertainties in their workspace, those robots have to consider dynamic 
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environmental factors as well as their tasks to be autonomous. This means that the robots should be able to have 
additional functions to deal with such factors to accomplish its mission. One of the challenges in ubiquitous robotics 
in complex environment is to discern a situation and perform a reasonable reaction upon the situation3. 
When autonomous robots are encountering an uncertainty during performing a task, the problem becomes real. 
Such uncertainties might not be crucial, meaning that uncertainty does not interrupt a robot in terms of reachability to 
the goal. For example, an autonomous ground vehicle is driving on a road. The vehicle could encounter some obstacles 
on the road. If the vehicle has an obstacle avoidance function, it could overcome the uncertainty and drives to its 
destination to complete the given task. Even, the vehicle could keep driving over the obstacle if it does not have the 
function. However, if one of the tires is punctuated by a sharp object and becomes flat while driving, the vehicle could 
not be able to arrive to the destination and the task could not be accomplished. Since this change is critical in terms of 
reliability of the robot, we should be able to address those changes even after we deploy the robot. 
Concept of adaptive model is that a model accepts changes and evolves toward the changes. For autonomous robots, 
this charming ability allows them to continue their work whenever they encounter unexpected changes. Adaptive 
model helps agents reorganize1 their groups based on agents’ capabilities at runtime. Since the authors focused on 
organizational aspect, they do not change their original model. Instead, they rearrange agents to meet the requirement. 
Adaptive concept is applied to not only physical changes, but also software side changes in Robotics. R-Object model2 
allows robots to adapt to the environment by re-linking and reconstructing task schedules with regard to the given 
status of robots. 
In multi-robot environment, robots share the workspace. A robot recognizes other robots as environmental entities. 
In a robot’s view seeing such environment, complexity of analyzing the environment increases as number of robot 
increases. When robots are doing the same thing (e.g., homogeneous robots), chance of confliction becomes larger. 
This phenomenon also indicates that the robot has to have an ability to adapt its model to the given multi-robot 
environmental condition. One of the ways to have such ability is to establish a communication network among robots, 
which enables them to transmit environmental information to others. HARMS model4 is introduced for interactions 
among heterogeneous actors. HARMS connects actors over network by peer-to-peer manner and uses particular 
message types such that all actors are indistinguishable in terms of which type of actor (e.g., robot, software agent, or 
even human) sends a message5. 
In order to bring such adaptation ability to autonomous robots, we propose an adaptive task-based model that keeps 
checking its model with the given stimuli coming from environment. If the stimuli change the model or affect to the 
model, proposed model investigates the changes to check whether or not the system can continue the given task. We 
employ Model Checking technique6 in order to validate system model of robot. Since we consider multi-robot 
environment, robots utilize HARMS model to tell others the changes they observed. This enables robots to rapidly 
adapt to the new environment. 
2. Adaptive task-based model 
2.1. Task-based modeling 
Task-based model is one of widely used modeling techniques in Engineering7,8,9 and stands for standardizing tasks 
among robots. Task-based model consists of a set of tasks, which is the entities to achieve a goal. Behaviors of a robot 
are determined based on what robot has to do at the moment to finish the current task. Advantages of task-based model 
are 1) simple enough to design, 2) quantitatively analyzable (i.e., its outcome can be measured), and 3) possible to 
logically represent states. In particular, the advantage of logical expression of states is useful to check validity of 
system. 
Task-based model is a tuple },,,,{ APITSRobot →= , where, 
 
• S is a set of states, 
• T is a set of transitions, 
• SsI ∈= 0 is an initial state, 
• STS ××→⊆ is a transition, 
• AP is a set of atomic propositions. 
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A state Ssi ∈ represents a task. We assume that each state is unique such that only transitions
}|,,{ jissSsSst j
t
ijik
k ≠⎯→⎯∈∈∈ , for 0 < k < number of transitions, are considered. Let an infinite path fragment 
be nsss ,..,, 10=π , where n is infinite. Let a finite path fragment be msss ,..,,ˆ 10=π , where m is finite. What model 
checker is looking for is a path fragment that explains whether a goal state is reachable from the current state. 
The set T is triggered in many ways of interactions with environment: performing an action by the robot, performing 
an action by other robots, or an environmental change. The second way can be made by exchanging information 
among robots. AP is used to convert received message from other robot into a corresponding trigger that makes a 
change in the model. For example, a ground robot found that the end of the road is closed by an obstacle while other 
ground robots are still driving toward the end of the road. The ground robot that found the obstacle sends a message 
to other ground robots in order to let them know. And then, the message is translated based on message sets defined 
in AP and triggers a transition in the other ground robots such that they change to look for detour. 
2.2. Adaptive Model Validation 
In order for autonomous robots to address dynamic environment, their model has to be dynamically changeable. 
As shown in Fig. 1, states and transitions are subject to be changed in task-based model. Let robot be the previous 
model and trobo ′  be the model after a change is made. There are three types of operations to make a change in trobo ′
: add, modify, and remove. We are actually not interested in adding a state or transition because add operation is likely 
to be less influential than other operations in terms of reachability of the system. This does not mean that we do not 
need to check the system after add operation is executed; we need to check to find a finite path fragment to keep 
satisfying system requirement. Followings are processes for the rest four cases that we are interested in, 
 
• Modify a state: A state is changed. However, transitions with its predecessors and successors remain to make 
a transition with the changed state. In this case, the robot’s functionality is not changed but, purpose of the 
task is changed. 
• Remove a state: We assume current state at the moment is not the same with the removing state. When the 
state is removed, corresponding predecessors and successors are also removed. The robot disables 
corresponding functionality to the transitions that were removed. 
• Modify a transition: Even though this change does not much alter the model, the transition that represents 
robot’s functionality is changed. 
Fig. 1. Examples of changes in task-based model. (a) an original model. (b) add, (c) modify, and (d) remove a transition. (e) add, (f) modify, 
and (g) remove a state from the original model. For (g), transitions that were connected to the state are also removed.
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• Remove a transition: In this case, robot disables or loses one capability. This change is critical because there 
is a possibility that a finite path fragment from the current state to the goal state does not exist. 
 
Model checking technique is a tool that checks a system based on the given specification. Model checker gives us 
not only result of satisfaction of the given specification, but also tells us a counterexample if the result is ‘FALSE’. In 
order to verify that robots can continue working after a change is occurred, we need to define two specifications. The 
two specifications say ‘can the robot accomplish current task and go to the next task?’, ‘can the robot achieve the 
goal by accomplishing corresponding tasks?’. The two specifications are respectively defined in Linear Temporal 
Logic (LTL) form as follows, 
 )()( 1+Χ→∃ currentcurrent ss   (1) 
 )( goalcurrent ss ∃→∃   (2) 
We assume that current state is not equal to the goal state and those specifications are satisfied in the previous 
model robot . 
3. Practical set up 
Fig. 2 shows an implementation of proposed model. Each sub-section will describe each component in the system. 
We aim at a multi-robot environment in which robots are the same in terms of its mission and functionality. However, 
a task is an atomic entity such that it cannot be shared or combined with other tasks. 
Fig. 2. An implementation of proposed model.
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3.1. Task-based Model 
This component is a typical behavioral model that contains all functions and reasoning process for a robot to 
perform tasks. Before deployment of a robot, we assume that system model and functions are working correctly. We 
do not consider how well a robot performs goal reasoning because it is out of scope of this research. 
3.2. Model Verification using NuSMV 
NuSMV is one of BDD-based symbolic model checkers introduced by 11. NuSMV uses text-based description of 
a model and analyzes it based on the given specification. It produces a counterexample of the specification if the result 
is ‘FALSE’. We utilize the counterexample to analyze robot’s status after robot senses a stimulus that changes the 
model. Fig. 3 shows an example of counterexamples from the case where the model is changed from Fig. 1 (a) to Fig. 
1 (d). In this example, the robot lost a capability so that it is no longer for it to finish the current task and go to either 
next or goal task. 
In the practical implementation, even though proposed model allows a change of state, we focus only on changing 
transitions due to the fact that modifying a state could change entire model (e.g., remove corresponding transitions) 
that results in invalidation of the model or the model is no longer valid to accomplish the given goal. In addition, we 
assume that a transition that does not exist in an original model at design phase cannot be added. We will address this 
assumption when we consider capability changeable robot, which adds H/W or S/W type capability in runtime to 
expend its functionality10. 
3.3. Interaction using HARMS model 
Proposed model accepts messages from other robots in the same workspace to apply any changes to the model. 
HARMS model provides three fundamental message types (i.e., Notification, Query, and Command) to allow robots 
to exchange information using the messages types. We use notification-type message with multi-cast transmission in 
order to send a message to nearby neighbor robots. 
Message parser translates received message to corresponding AP in task-based model. Table 1. shows an example 
of lookup table for the example illustrated in Fig. 1. 
 Table 1. An example of AP sub-sets and corresponding HARMS message. 
},,,,,{ 210211 tttsssAP =  HARMS message 
},,{ 211 ttsAPadd =  “Either Action 1 or Action 2 can be used to accomplish task 1” 
},{ 21mod tsAP =  “Task 1 can be accomplished by only Action 2” 
}{ 1sAPrem =  “Task 1 can be accomplished by nothing” 
 
Fig. 3. Counterexamples of the case where original model is changed from Fig. 1 (a) to Fig. 1 (d). (a) and (b) are counterexamples of the 
specification  (1) and (2), respectively.
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4. Conclusion and Future works 
Since autonomous robots should be able to continue their task in dynamic environment, we propose an adaptive 
task-based model that takes environmental changes and validate itself. Proposed model utilizes NuSMV as a model 
validation tool and HARMS for enabling communication between robots to accept awareness of environmental 
changes observed from other robots. The most significant advantage of using proposed model is automated runtime 
validation using NuSMV. We briefly describe an implementation of proposed model with an assumption that the 
same-capable robots are working in the same workspace. We will deploy the model to a well-known multi-agent 
system environment (e.g., Foraging task). 
As future works to improve proposed model, we will address following issues. 
 
• Task sharing and confliction: when robots share a task, we need to apply probability based transition in the 
model. 
• Speed up model validation process: NuSMV consumes lots of computational resources and takes massive time 
with an exponential curve based on number of states in a model. Parallel NuSMV tool12 can be considered as 
a possible solution. 
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